With half a million babies born preterm each year in the USA and about 15 million worldwide, preterm birth (PTB) remains a global health issue. Preterm birth is a primary cause of infant morbidity and mortality and can impact lives long past infancy. The fact that there are numerous, and many currently unidentified, etiologies of PTB has hindered development of tools for risk evaluation and preventative therapies. Infection is estimated to be involved in nearly 40% of PTBs of known etiology; therefore, understanding how infection-mediated inflammation alters the cervical milieu and leads to preterm tissue biomechanical changes are questions of interest. Using RNA-seq, we identified enrichment of components involved in inflammasome activation and unique proteases in the mouse cervix during lipopolysaccharide (LPS)-mediated PTB and not physiologically at term before labor. Despite transcriptional induction of inflammasome components, there was no evidence of functional activation based on assessment of mature IL1B and IL18 proteins. The increased transcription of proteases that target both elastic fibers and collagen and concentration of myeloid-derived cells capable of protease synthesis in the cervical stroma support the structural disruption of elastic fibers as a functional output of protease activity. The recent demonstration that elastic fibers contribute to the biomechanical function of the pregnant cervix suggests their protease-induced disruption in the infection model of LPS-mediated PTB and may contribute to premature loss of mechanical competency and preterm delivery. Collectively, the transcriptomics and ultrastructural data provide new insights into the distinct mechanisms of premature cervical remodeling in response to infection.
Introduction
Preterm birth (PTB) is defined as a delivery that occurs prior to 37 weeks of a 40 week gestation in humans. Preterm delivery is a primary cause of infant morbidity and mortality worldwide. Children who are born preterm and survive infancy are at increased risk of medical complications throughout their lives. The financial burden of medical care associated with preterm deliveries exceeds $26 million annually in the USA [1] . The 2015 PTB rate in the USA was 9.6% [2] . Although much research is underway to understand why PTBs occur, the rate peaked at 12.8% (2006) and has only very slowly decreased to its current level over the past 10 years [3] . The sustained high rates of PTB can be attributed to the variety of etiologies, some not yet discovered, of the syndrome [4] . In more than two thirds of cases, an exact cause of PTB cannot be pinpointed [5] . In the realm of PTB, a clinical space filled with unknowns, two facts drive the study outlined here. First, in the one-third of cases with known etiology, infection contributes to 40% of preterm deliveries, and growing evidence supports the role of sterile inflammation as an instigator of PTB [5] [6] [7] . Second, regardless of the timing or cause of labor initiation, changes in the cervix precede the onset of labor [8] .
A commonly used model of infection-mediated inflammation is intrauterine (IU) administration of lipopolysaccharide (LPS) [9] . Previously published works highlight the distinct cervical features involved in LPS-mediated PTB in mice compared to cervical ripening at term [10, 11] . These studies demonstrate that the physiological changes in the tissue that occur in response to a number of hormonal and nonhormonal cues at the end of pregnancy do not occur in LPS-mediated PTB. Rather, a unique set of features help define cervical remodeling in response to an infection or inflammation, more generally. Declining serum progesterone at the end of pregnancy, a process not seen in human, occurs at term and in response to LPS in the mouse [12, 13] . Interestingly, however, serum levels of estradiol do not increase to the same degree in LPS-mediated PTB as they do at term. This difference in the serum progesterone to estrogen ratio-P:E is 80 at term and 528 in LPS preterm-indicates distinct hormone environments in the two groups. Endogenous prostaglandins, specifically PGE 2 , PGF 2a , PGD 2 , and 6-keto-PGF 1a measured in cervical tissue, are increased in the cervix in LPS-mediated PTB and not increased at term. In fact, prostaglandins are essential for LPSmediated preterm cervical compliance changes and dispensable for term cervical ripening [13] . Additionally, a distinct population of immune cells is present in the cervix during LPS-mediated PTB compared to term before labor. Whereas an influx of activated immune cells such as neutrophils and macrophages does not occur during a normal pregnancy until the postpartum tissue repair phase, these cells are increased in number or activated 6 h after IU LPS treatment on day 15 of mouse gestation, when compared to cells in the cervix of nontreated day 15 mice [10] .
Given these features that are unique to an overall inflammatory cervical milieu in LPS-mediated PTB, we sought to better understand the molecular mechanisms underlying the processes by which the cervix responds to infection and inflammation and how these responses lead to preterm delivery. We utilized transcriptome data generated by RNA-seq to identify novel and exclusive pathways in the cervix in LPS-mediated PTB. We have identified enrichment of genes involved in inflammasome activation and upregulation of proteases in the cervix during LPS-mediated PTB exclusively. Subsequent assessment supports a protease-driven disruption of elastic fiber ultrastructure that appears to be achieved in the absence of active IL1B. Collectively, these studies provide insight into distinct features and mechanisms of LPS-mediated preterm cervical remodeling.
Materials and methods

Mice
All animal studies were conducted in accordance with the standards of humane animal care as described in the NIH Guide for the Care and Use of Laboratory Animals. The research protocols were approved by the IACUC office at the University of Texas Southwestern Medical Center. Mice were housed under a 12 h-light/12 h-dark cycle at 22
• C. Virgin C57B6/129sv 2-6-month-old female mice were caged with fertile males of the same strain for 6 h. The presence of a vaginal plug at the end of the 6 h was considered as day 0 of pregnancy, with birth of the pups generally occurring early morning day 19. Day 18 samples were collected between 5 and 7 pm before the onset of labor.
Inflammation preterm labor model
Intrauterine injection of LPS (day 15 LPS) was used to induce preterm labor as previously described [10] . Dosing of LPS was identical to previous studies from our lab [13, 14] . Briefly, mice on day 15 of pregnancy were anesthetized between 7:00 and 9:00 am, and 30 μL sterile water (sham) or 5 mg/mL LPS (Escherichia coli O55:B5 Sigma, St. Louis, MO) was injected IU. Cervical tissues were collected between 1 and 6 h after surgery and before the onset of labor, which occurs approximately 7 to 9 h after LPS administration.
RNA sequencing
RNA was isolated using an miRNeasy kit from Qiagen (Hilden, Germany). Quantity was determined using a Nanodrop and quality determined using a Bio-Rad Experion. RNAs with RNA Quality Index scores above 9 were used to make cDNA libraries. Eight total cDNA libraries from four different time points/treatment groups (day 15, day 15 sham, day 15 LPS, and day 18) were prepared, with duplicate libraries for biological replicates containing four cervices each. RNA (1.25 μg) from each cervix was pooled for 5 μg of starting RNA in each library. Library preparation was carried out as described previously [15] . One hundred base pair, paired end sequencing was carried out on an Illumina sequencer to a depth of 100 million reads. As indicated in Supplemental Table S1 , the total reads for each library was in the range of 8-10 million reads with 94%-95% mappable raw reads. We developed a computational pipeline to determine the differentially expressed genes between the conditions, which included the following steps: reads were aligned to the mm9 genome using the spliced read aligner TopHat version v.2.0.4, transcriptome assembly was carried out using Cufflinks v.2.0.2 with default parameters, filtered transcripts were merged into distinct nonoverlapping sets using Cuffmerge, and Cuffdiff was used to calculate the differential expression genes between the conditions [16, 17] . The RNA-seq data were submitted to GEO with series number GSE98545.
Transcriptome data analysis
The differentially expressed genes extracted from the above analysis were then used in downstream analyses. Venn Diagrams were generated using Venn Diagram Plotter version 1.5.5228.29250 for the differentially expressed genes in different conditions. Gene Ontology (GO) Analyses and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were determined using DAVID, a web tool for functional annotation and gene enrichment analysis for the genes that are specifically expressed at day 15 LPS treatment as compared to day 18. Heatmaps were generated using Java TreeView for the significantly expressed genes in at least one condition to analyze the effect in the specified condition [18] . Cutoffs used were as follows: 0.5 ≤ fold change ≥ 1.5 and q ≤ 0.05.
RNA isolation and quantitative polymerase chain reaction (PCR)
Total RNA was isolated as previously described [19] . Complementary DNA synthesis was carried out using 0.5 μg total RNA and 5x iScript Reverse Transcription Supermix (Bio-Rad, Hercules, CA). Quantitative PCR primers used in this study and listed in Supplemental Table S2 
Immunofluorescence for Elastin
Studies were carried out as previously described [19] . Briefly, paraffin sections were deparaffinized in ethanol baths and rinsed in Phosphate-buffered saline (PBS). Antigen retrieval was carried out using 6M Guanidine HCl and iodoacetate. Prolong Gold (Life Technologies, Eugene, OR) and imaged using a Zeiss LSM880 microscope.
Two-photon excited immunofluorescence
Fifty micrometer thick frozen transverse sections were imaged on a Zeiss LSM880 Laser Scanning confocal microscope with multiphoton (NLO) laser configured with AxioObserver inverted microscope using an Achroplan 40x/0.8 W objective lens (Zeiss, Jena, Germany). A Coherent Chameleon Ultra Ti:Sapphire multiphoton tunable laser (Coherent Inc., Santa Clara, CA) tuned to 860 nm and laser output of 13.5% was focused on the subepithelial stroma of the endocervix. Z stacks of each frozen section were acquired by imaging at 4-μm intervals within the thickness of the 50-μm frozen section. Z-stack images were opened in ImageJ (version 1.51k; NIH, Bethesda, USA); six centrally located slices were compressed into Z-projections of maximum intensity. Brightness and contrast of each channel of the image were adjusted equally across experimental conditions.
Transmission electron microscopy
Transmission electron microscopy (TEM) was carried out as previously described [19] . Briefly, pregnant mice were perfused with heparinized saline, then glutaraldehyde and paraformaldehyde fixatives in sodium cacodylate buffer. Cervical tissue was removed and fixed in glutaraldehyde in sodium cacodylate buffer overnight at 4
• C.
The cervix was then sliced in transverse sections and processed as previously described [19] . A Tecnai G2 spirit transmission electron microscope at 120 kV and a side-mounted SIS Morada 11 megapixel CCD camera were used for image acquisition. 
Statistical analysis
Statistics were performed using Prism software (GraphPad Software). For comparison of multiple groups, one-way ANOVA was used followed by Tukey multiple comparisons test. The values were expressed as mean ± SEM and considered significant if P < 0.05. Number of animals used and data analysis are described in the figure legends.
Results
RNA-seq identifies unique transcriptomes in lipopolysaccharide-mediated preterm and term cervical ripening
To elucidate the transcriptional pathways that guide cervical remodeling in response to inflammation, we utilized RNA Sequencing. This method of gene expression analysis was undertaken to identify novel and exclusive pathways induced in the cervix of the LPS-mediated PTB model versus mice at term before labor. To determine changes in gene expression during LPS-mediated PTB, we compared day 15 LPS to untreated day 15 ( Figure 1A ). To determine gene expression changes during term cervical ripening, we compared day 18 to day 15. To ensure the changes in gene expression observed upon LPS treatment were due to the LPS and not due to the survival surgery, sham to day 15 comparisons were also included. Overall gene expression patterns between LPS preterm and term were quite distinct ( Figure 1B ). The number of differentially expressed genes exclusive to day 15 LPS vs day 15 (2918 genes) was large, compared to day 18 vs day 15 (475 genes) ( Figure 1C ). Relatively few genes (267) were common between the two groups and differentially expressed as compared to day 15. A similar number of genes were upand downregulated in the day 15 LPS group compared to gestation day 15, while the majority of differentially expressed genes were upregulated in the day 18 group ( Figure 1D ). In agreement with previous reports using quantitative PCR (qPCR), gene expressions of canonical parturition genes including connexin 26 (gap junction protein, beta 2 [Gjb2] (also connexin 26)), hyaluronan synthase 2 (Has2), and steroid 5 alpha reductase 1 (Srd5a1), as measured using RNA-seq, are upregulated at term before labor and not changing in a statistically significant manner upon LPS treatment on day 15 (Supplemental Table S3 ) [10] . Reciprocally, proinflammatory genes previously reported via qPCR to be upregulated upon LPS treatment on day 15 and not changing at term before labor, in particular cyclooxygenase 2 (Ptgs2), prostaglandin E synthase (Ptges), interleukin 6 (Il6), interleukin 1 alpha (Il1a), and C-X-C motif chemokine ligand 2 (Cxcl2), are identified as upregulated via RNA-seq in day 15 LPS and not on day 18, both compared to day 15 (Supplemental Table S4 ) [10] .
Gene Ontology Analyses identify exclusive pathways in lipopolysaccharide-mediated preterm birth
To gain insight into potential pathways driving LPS-mediated premature cervical changes and term cervical ripening, GO Analyses were performed. The most enriched processes from the group of genes upregulated in LPS preterm exclusively included immune, defense, and inflammatory responses and response to wounding ( Figure 2A ). Analyses of genes upregulated exclusively at term before labor identified the biological processes lipid catabolic process, female pregnancy, epidermis development, and ectoderm development as the most enriched. Biological processes from genes upregulated both in LPS preterm and term before labor include positive regulation of developmental process, keratinization, positive regulation of biological process, and positive regulation of cellular processes (Figure 2A ). Further in-depth comparisons of GO pathways based on Molecular Function, Biological Processes, and KEGG Pathways specific to the LPS preterm group identify a common theme consistent with NF k B activation, pathogen sensing, inflammasome components, and downstream endpoints of inflammasome activation ( Figure 2B ). Given the critical role of inflammasome activation in host defense against pathogens, sterile insults, and host-derived molecules via activation of downstream proinflammatory events, we focused our studies on inflammasome activation in the cervix as a novel pathway specific to LPSmediated PTB.
Components of the inflammasome are upregulated in lipopolysaccharide-mediated PTB Genes encoding components of the inflammasome activation pathway were identified in the RNA-seq data set as upregulated in LPS preterm and not changing at term before labor ( Figure 3A ). Figure 3B ). Transcripts of Casp4 were significantly induced 2, 4, and 6 h after LPS treatment, compared to untreated day 15 and not at term ( Figure 3C ). Using quantitative PCR, transcripts encoding Nlrp3, Nlrc4, and Casp1 were not significantly induced in the LPS-mediated PTB group or at term before labor (day 18). A functional consequence of canonical and noncanonical inflammasome complex formation and activation is the secretion of the cytokines IL1B and IL18 and induction of pyroptosis. To investigate a functional role for inflammasome activation in inflammation preterm, transcripts of Il1b were analyzed using qPCR ( Figure 4A ). Il1b was significantly upregulated 2, 4, and 6 h after LPS treatment on day 15, compared to untreated day 15 samples. IL1B protein levels were measured by ELISA in whole cervical tissue lysates from untreated day 15 mice, day 15 sham mice, day 15 LPS mice, and day 18 mice (Figure 4B ). IL1B was measureable in each of the day 15 LPS samples tested and amounts were significantly increased compared to nontreated day 15 ( Figure 3B ). To determine if the increase in IL1B protein was the mature and biologically active 17kDa form, protein blotting was undertaken using 50 μg whole cervical tissue lysate taken from mice exposed to LPS for 0, 1, 2, 4, and 6 h ( Figure 4C ). Although the time-dependent exposure to LPS increased synthesis of pro-IL1B, mature IL1B protein was not detectable at any time point after treatment. The time-dependent increase in pro-IL1B abundance did not achieve statistical significance, despite the marked temporal increase visualized in all four experiments ( Figure 4D ). The protein expression of mature IL18 was also evaluated in cervical tissue of mice treated with LPS ( Figure 4E ). Similar to IL1B, no mature IL18 protein was detectable.
Expression of proteases in the cervix is upregulated in lipopolysaccharide-mediated PTB
Another group of genes identified as upregulated in LPS-mediated premature cervical remodeling is proteases ( Figure 5 ). RNA-seq data set analysis identified two GO terms-proteolysis and peptidase activity-as significantly enriched in genes exclusive to day 15 LPS vs day 15 ( Figure 5A ). The data set contains a large number of genes (107 and 75 respectively) within these pathways ( Figure 5A ). These genes, including matrix metalloproteinase (Mmp), a disintegrin and metalloproteinase with thrombospondin type 1 motifs (Adamts), and cathepsin (Cts) proteases, target and modify components of the extracellular matrix (ECM). Known functions of these proteases include postsynthesis processing of mature ECM molecules including collagen, degradation during physiologic turnover processes (i.e., pregnancy), and pathologic breakdown due to inflammation (i.e., arthritis) [20] [21] [22] . The heatmap in Figure 5B genes Mmp13, Mmp12, Mmp8, Ctsl, Ctsc, Adamts1, Adamts5, and Adamts15 identified significantly increased expression of Mmp13, Adamts1, and Adamts5 in cervices from day 15 LPS-treated mice ( Figure 5C ). While there was a trend toward an increase in Ctsl gene expression that did not achieve statistical significance, subsequent studies shown in Supplemental Figure S1 using time course samples 1, 2, 4, and 6 h after LPS treatment indicate an increase in Ctsl expression 6 h after LPS treatment on day 15. We have previously reported increased expression of Mmp8, Adamts1, and Adamts4 in the cervix of day 15 LPS-treated mice [10] . Both Adamts1 and Adamts4 have been shown to be upregulated in term ripening at gestation day 18, although the changes seen in these quantitative PCR experiments for Adamts1 do not reach statistical significance on day 18 ( Figure 5C ). The known targets of Adamts1 and Adamts4 include proteoglycans [10, 23] . The upregulation of proteases that target the main structural components collagen and elastic fibers in response to pathological inflammation but not in the normal catabolic processes led to assessment of the cervical ECM structure in the day 15 LPS -treated mice.
Elastic fiber ultrastructure is disrupted in lipopolysaccharide-mediated preterm birth
Recently published studies from our lab in the mouse cervix highlight the contribution of elastic fiber structural organization to the biomechanical function of the cervix [19] . Furthermore, these studies document an increased elastic fiber density in the stroma adjacent to the epithelia, termed the subepithelial stroma, as compared to the midstroma region. Elastic fibers are composed of tropoelastin Four independent experiments were run with two samples pooled per treatment group in each experiment. α-tubulin was used as a loading control. protein crosslinked in and around a microfibrillar scaffold consisting of fibrillin 1 and 2, plus a number of other proteins [19] . To visualize potential alterations in cervical elastin morphology in the LPS-mediated PTB, an antibody generated against tropoelastin was utilized for immunofluorescence staining. Tropoelastin staining in day 15 LPS appeared similarly localized in the subepithelial stroma, and long elastin strands were evident to a similar degree as compared to sham day 15 and untreated day 15 controls (Figure 6 ). Images of separate DAPI and tropoelastin channels are shown in Supplemental Figure S2 . In addition, two-photon excited fluorescence (TPEF) was utilized as a second approach to assess elastic fiber structure. Similar to the tropoelastin immunofluorescence results, elastin fiber structure in TPEF images was indistinguishable between day 15 LPS and day 15 control groups ( Figure 6 ). Subsequent analysis was carried out to evaluate elastic fiber ultrastructure by TEM, which allows for assessment of both elastin and the microfibrillar scaffold of the fiber (Figure 7 ). Elastic fibers in the subepithelial stroma region of the cervix were evaluated in day 15, day 15 sham, day 15 LPS, and day 18 mice. Overall, elastic fibers in the day 15 LPS group appeared disrupted with less darkly stained elastin integrated into the scaffold, resulting in increased visibility of the microfibrillar scaffold component of the elastic fiber ( Figure 7) . Cervical elastic fibers from sham animals were similar in structure and density to untreated day 15.
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No such disruption of elastic fiber ultrastructure occurs at term before labor. Comparing day 18 to day 15, elastic fibers appear intact with the darkly stained elastin covering the microfibrillar scaffold. In contrast to the LPS model, disrupted elastic fibers were a fraction of otherwise normal term fibers in the mifepristone-PTB model (Supplemental Figure S3) .
Localization of myeloid cells in cervical stroma during lipopolysaccharide-mediated preterm birth
Recently published work from our lab has demonstrated that 7/4 + cells cluster in the subepithelial stroma region of the mouse cervix on day 15 upon LPS treatment, compared to untreated day 15 samples [14] . We sought to investigate the localization of other immune cells that are capable of producing and secreting proteases that have been identified as upregulated in response to LPS and potentially targeting the elastic fibers identified as disrupted in these tissues. Immunofluorescence was carried out in day 15, day 15 sham, day 15 LPS, and day 18 samples to investigate the localization of immune cells, namely F4/80 + macrophages. F4/80 + cells are equally distributed throughout the mid and subepithelial stroma in day 15, day 15 sham, day 15 LPS, and day 18 samples (Figure 8 ). Consistent with previous analysis of cervical F4/80 + macrophages in the LPS model by flow cytometry, there was no apparent increase in macrophage numbers in the LPS group as compared to other groups [10] .
Discussion
Elucidation of the distinct pathways that drive LPS-mediated preterm cervical remodeling but not cervical ripening at term will advance the development of clinically relevant therapies to prevent premature changes in the cervix that lead to preterm deliveries. This study builds upon previous findings that demonstrate distinct features of the cervical remodeling process in response to inflammation are not present at term before labor [10, 13, 19] . The distinct transcriptome signatures uncovered in this study add to the field's understanding of the differences between LPS-mediated and term cervical remodeling. In particular, LPS does not alter expression of many genes regulated in term cervical ripening, while pathways related to and downstream of inflammatory responses were most dramatically induced upon LPS treatment. While much valuable information remains to be extracted from the RNA-seq data sets, in the present study, we have leveraged these data to identify transcriptional pathways that may direct features of LPS-mediated preterm cervical remodelingincluding proinflammatory responses and regionalized disorganization of collagen fibers in the stroma-that have previously been identified [13, 14] . Specifically, we have explored pathways that include components of an activated inflammasome and protease action in the ECM. These pathways in the cervix are exclusive to LPS-mediated PTB. Recent studies implicate inflammasomes as mediators of both sterile inflammation leading to spontaneous labor at term and pathological inflammation leading to preterm delivery both in women with antiphospholipid syndrome and women with acute histologic chorioamnionitis [6, 24, 25] . Endogenous danger signals, termed damage-associated molecular patterns (DAMPs), resulting from cellular stresses can trigger sterile inflammation. Pathogens, which are recognized by PRRs, and subsequent DAMP induction can induce pathological inflammation. Components of inflammasomes are expressed in the chorioamnion of women at term, and there is evidence of increased caspase-1 activation and mature IL1B in tissues from women at term and in labor compared to nonlaboring term tissues [24] . In response to pathogens recognized by a number of PRRs, human fetal membrane explants can mount an impressive immune response (i.e., secrete cytokines), indicating these tissues express machinery needed for inflammasome activation [6, 24, 26] . Chorioamnion membranes from women with acute histologic chorioamnionitis at term show increased PRR gene expression, protein abundance, and downstream inflammasome activation as measured via caspasedependent IL1B production in vivo [6] .
In contrast to evidence that inflammasome-mediated increases in caspase 1 activation and mature IL1B play a role in fetal membrane signaling for the initiation of labor both at term and with pathogen-mediated inflammation, our data in the pregnant mouse cervix demonstrate the transcriptional activation of inflammasome components and caspase 4 in response to LPS but no evidence for inflammasome-dependent production of biologically active IL1B or IL18. These findings are consistent with previous reports that caspase-mediated generation of bioactive IL1B requires induced expression of pro-IL1B by a toll-like receptor ligand such as LPS followed by a secondary signal by DAMPs to induce pro-IL1B processing and secretion [27] . While caspase 1 mRNA expression was not altered with LPS treatment, the induction of caspase 4 is potentially sufficient as work in other infection and inflammatory disease states demonstrates that caspase-4 can directly sense LPS and induce a noncanonical inflammasome activation reaction [28] . Biologically active IL1B can also be generated by caspase-1/4 independent pathways that include caspase-8, neutrophil elastase, cathepsin G, granzyme A, and matrix metalloproteases [29] [30] [31] . While the potential role of inflammasome-mediated production of bioactive IL1B in premature ripening induced by ascending pathogens that are not represented by the LPS PTB model (e.g., gram + bacteria and/or viruses) warrants further study, an important observation from the current findings is the evidence that protease-mediated disruption of cervical elastic fibers and premature ripening can be achieved in the absence of bioactive IL1B. Because multiple inflammation-related pathways are induced in the cervix exclusively during LPS-mediated PTB and not at term, we anticipate that other inflammatory pathways, including NF k B activation pathways, are sufficient to accomplish the premature changes in cervical ripening in LPS-mediated PTB. Future studies will investigate the inflammatory pathways that are required to achieve premature remodeling. The cervical transcriptional signature of LPS-treated mice includes robust upregulation of proteases, including Mmp13, Mmp8, and Ctsl, that target the major structural proteins of the cervix, namely collagen and components of the elastic fiber ( Figure 5 ; Supplemental Figure S1 ). The process by which infection and inflammation induce upregulation of these particular collagen and elastin targeting proteases in the cervix we hypothesized would be similar to the pathophysiology of the proinflammatory disease osteoarthritis in which IL1B has been shown to directly upregulate proteases such as collagenase Mmp13 [32] . While transcriptional upregulation of the Il1b transcript precedes the upregulation of proteases such as Mmp13 and Ctsl (Figure 4 ; Supplemental Figure S1 ), the observed disruption of elastic fiber ultrastructure in the absence of active IL1B suggests an IL1B independent pathway of protease activation. Cathepsin L, a protease targeting both elastin and collagen, is a lysosomal and secreted enzyme that has yet to be appreciated in the context of cervical remodeling [33] [34] [35] . Its expression is exclusive to day 15 LPS cervices and is not upregulated at term before labor, indicating further studies are warranted to investigate its potential role in the cervical elastic fiber disruption seen in LPS-mediated PTB. While neither transcripts encoding neutrophil elastase, Elane, or macrophage elastase, Mmp12 were elevated in cervical tissue with LPS treatment, the protein synthesis and packaging of these proteases into granules occurs prior to infiltration of these immune cells into tissue, and thus transcriptional changes would not be anticipated. Future investigations to demonstrate activity of proteases that target elastic fibers are warranted.
While proteases that target collagen and elastic fibers are upregulated in the cervix specifically in LPS-mediated PTB, protease members of the ADAMTS family including Adamts1 and Adamts4 are upregulated both at term and in LPS-mediated PTB. These proteases are known to target proteoglycans and likely contribute to the normal cervical ECM turnover required for physiological remodeling [23, 36] .
In the current study, a potential functional outcome of increased cervical protease gene expression in LPS-mediated PTB is the observed disruption of elastic fiber ultrastructure. In contrast, disrupted elastic fibers were not evident in TEM images from term before labor and were a minor subset of elastic fibers in mifepristoneinduced preterm cervical ripening (Supplemental Figure S3) .We have previously reported that the density of elastic fibers is greatest in the subepithelial region of the cervical stroma and that elastic fibers along with collagen fibers dictate the mechanical strength of the cervix [37] . Recent studies from our group focused on understanding the structural changes in cervical collagen upon LPS treatment demonstrate a preferential disorganization of collagen fiber structure in the subepithelial stroma, as determined by second harmonic generation and subsequent image analysis [14] .
Collectively, these findings suggest that LPS-driven activation of proteases leads to a pathological disruption of the cervical ECM, which allows for mechanical weakening of the cervix and subsequent PTB. We suggest that this model, which Mont Liggins once proposed as the normal physiology of term cervical ripening, is a key and distinct mechanism of preterm cervical remodeling in a mouse model of inflammation-mediated PTB [38] . Based on insights gained from the cervical transcriptome signature of LPS-mediated PTB, we propose a model in which an IL1B-independent pathway upregulates proteases, likely produced by immune cells in addition to other cells of the cervix, that target and degrade ECM components, namely elastic fibers and collagen in the subepithelial stroma, leading to disrupted ECM structure, decreased biomechanical integrity, and leading to PTB (Figure 7 ) [14] .
These data presented here, including cervical transcriptome pathways induced in LPS-mediated PTB exclusively and altered elastic fiber ultrastructure, connect to form a plausible pathway linking infection to pathological ECM structural changes and subsequent loss of biomechanical integrity leading to premature delivery. While LPS treatment provides insight into responses anticipated from gramnegative bacteria, we expect that the described pathway will be conserved in response to other vaginal bacteria such as Ureaplasma, Mycoplasma, and Gardnerella species, which have been linked to spontaneous preterm deliveries [39] . Further mining of this data set in addition to other infection and inflammation models may help elucidate additional pathways for investigation.
The clinical implications of this work extend beyond an increased understanding of the distinct pathways that mediate PTB in the face of infection-induced inflammation. PTB is the most robust risk factor for future PTBs [5] . The pathological disruption of elastic fibers in LPS-mediated preterm cervical remodeling may have an impact on cervical function in future pregnancies. If elastic fibers, whose synthesis is thought to be limited to times of development, are unable to repair appropriately following an inflammation-mediated PTB, cervical competency may be compromised long before the parturition process begins in subsequent pregnancies. Future experiments to determine the long-term impact of pathologic elastic fiber disruption and the ability of disrupted elastic fibers to functionally recover postpartum will be critical to test this hypothesis.
Supplementary data
Supplementary data are available at BIOLRE online. Table 1 . Antibody Information. Supplemental Figure S1 . Timecourse of Tnf, Adamts4, Ctsl, and Mmp13 gene upregulation in response to intrauterine LPS. Gene expression analysis by qPCR demonstrates that Tnf transcription is significantly induced in the mouse cervix 2 h post-LPS compared to untreated day 15 (NT). Gene expression of proteases Adamts4 is significantly upregulated at 2 and 4 h time points, Ctsl by 6 h, and Mmp13 at 4 and 6 h post-LPS compared to untreated day 15 (NT) samples. (n = 4-6 samples per group, P < 0.05 compared to day 15, bars represent mean ± SEM. One-way ANOVA). Supplemental Figure S2 . Immunofluorescence staining for tropoelastin. (A) Immunofluorescence imaging of tropoelastin protein (red) and nuclei by DAPI (blue) in cervical sections from day 15, day 15 sham, and day 15 LPS mice. Elastin is most concentrated in the subepithelial stroma region, directly below the superimposed white dotted line between the epithelium and stroma, and can be visualized in long fiber structures, presumed to be elastin integrated into elastic fibers. Signal intensity was optimized for day 15, and the same settings were used for day 15 sham and day 15 LPS. Supplemental Figure S3 . Representative images of elastic fibers from cervices of day 15 mice treated with mifepristone. Transmission electron microscopy identified highly variable elastic fiber ultrastructure on day 15, 12 h after mifepristone treatment [10] . Representative images of the variable elastic fibers are shown here. Cervices from three different day 15 mifepristone-treated animals and 20-32 fibers per animal were imaged. No major changes in elastic fibers or collagen was observed among the groups. Scale bar: 1000 nm. Supplemental Table S1 . Mapping data from RNA-seq libraries. Supplemental Table S2 . Forward (F) and reverse (R) primer sequences. Supplemental Table S3 . Fold change of canonical parturition genes measured by RNA-seq. Supplemental Table S4 . Fold change of proinflammatory genes, measured by RNA-seq.
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